Introduction
Surface activity of lung follows a developmental timetable and first is detected in late fetal life [2, 6, 9, 17-20, 24, 28, 30, 31] . In normal lung, alveoli are lined with a surface-active complex containing the phospholipid lecithin, its principal component. The lining stabilizes alveoli by lowering surface tension on expiration, thus preventing alveolar collapse, but is lacking in lungs from infants dying of the idiopathic respiratory distress syndrome (RDS) [3, 6, 23] .
RDS is characterized by progressive atelectasis (with consequent widespread anoxic changes) of lungs of premature infants. Lungs from infants dying with RDS are unstable, collapse at low volumes, are difficult to inflate with air, do not exhibit normal lowered tension of saline extracts on surface compression in a modified Wilhelmy balance [6] , and have significantly less than normal lecithin [3, 8, 11] .
Because RDS affects prematurely born infants almost exclusively and surface activity is a phenomenon of fetal development, RDS has implications as a disease of development. Surface activity development in fetal and newborn rabbit lung depends upon biosynthesis of lecithin in lung during fetal maturation and after the onset of breathing [17] [18] [19] [20] 28] . Similar information about biosynthesis of lecithin in developing human lung is essential to understand, biochemically, both normal respiratory adjustment of the newborn and the pathogenesis of RDS.
There are no known published studies about biosynthesis of lecithin in human lung. Investigations of human pulmonary phospholipids were conducted at autopsy on lungs from infants with and without RDS, including surface activity [3, 6, 8, 11, 23] , quantitative estimations [3, 8, 11] , and acyl esters of lecithin [8] . Necessarily, these studies were static owing to the impossibilities of studying living humans with techniques used on laboratory animals.
A series of observations suggested a way to study the biosynthesis of surface-active alveolar wash phospholipids in living human infants. First, it has been established that the fluid distending fetal lung is produced by the lung and is not amniotic fluid [17] . Measured flow rates (e.g., sheep) show that this fluid issues from lung into the nasopharynx [1] at rates as high as 30-120 ml/hr [34] . These secretions continue after birth. Second, there was close correspondence between the component lipids in the newborn infant's lung secretions and those in alveolar wash from lungs of infants who died (described in this report). Furthermore, in newly born rabbits, radioactive lecithin appeared rapidly in tracheal aspirates after intraperitoneal injection of radioactive precursors. [20] . Third, it was established in rabbits (and sheep) that the acyl ester structure of surface-active lecithin synthesized by each of the two major pathways for synthesis of lecithin in lung is distinct. That produced by incorporation of cytidine diphosphate choline (CDP-choline) + D-a ,fS-diglyceride predominantly was a-palmitic/j$-palmitic acid [18] , whereas acyl ester composition of surface-active lecithin, synthesized by methylation of phosphatidyl ethanolamine, was found to be largely a-palmitic I p-myristic acid [18] .
Thus, a qualitative estimation of each pathway for de novo biosynthesis of lecithin could be made from the fatty acids esterified on the /J-carbons. This estimation could be done in the living infant by examining the lecithin in the tracheal effluent (tracheal aspirates).
This is a report of the phospholipids in lung secretions, recovered as tracheal or oropharyngeal aspirates, or both, from full term and prematurely born human infants, both clinically normal and those with RDS.
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These studies were correlated when possible with findings on alveolar wash of lungs of infants who died. The investigations suggest that human fetal lung before term synthesizes its relatively small amount of surface-active lecithin by both pathways. Before 35-37 weeks of gestation, the methylation pathway seems essential to survival, and after 35-37 weeks the more important CDP-choline pathway becomes mature. The findings further suggest that loss of normal surface activity and resultant RDS in the prematurely born infant may follow compromise of the methylation pathway by abnormal physiologic states such as acidosis and hypothermia.
Materials and Methods
A total of 296 premature (130 with RDS and 166 normal) and 144 full term infants were studied [35] from Yale-New Haven Hospital and Hospital of St. Raphael, New Haven, Connecticut; Jackson Memorial Hospital, Miami, Florida; and University Hospital, San Diego, California. Premature infants were appropriately sized for short gestation; infants small for gestation and infants of mothers with diabetes mellitus represent abnormal metabolic states and will be included in subsequent reports.
On the first 35 infants, effluents of lung (tracheal aspirates) were collected endotracheally under direct laryngoscopy. These samples were identical to those obtained by posterior oropharyngeal suction with a bulb syringe or DeLee trap in the same infants, and all subsequent collections were aspirated from the oropharynx. Aspirates collected in sterile tubes either were extracted immediately or were stored at -20°u ntil analyzed. On 150 infants, first specimens were obtained in the delivery room. Specimens were collected hourly from infants as long as they were not fed by mouth. In infants with RDS, specimens were collected hourly as long as RDS persisted, and for one or more collections after recovery. Each sample was as large as possible. The samples were frequently small and, when this occurred, several samples collected within a relatively short period were pooled to provide enough material for analysis.
From twenty-one of thirty-eight study infants who died, one or more lobes of lung were analyzed for phospholipids in alveolar wash. The wash was obtained as in previous descriptions [19] , by gentle endobronchial lavage with 0.9% saline, and was centrifuged to remove cells and debris. Alveolar wash lipids [19, 20] , were extracted with an equal volume of methanol and 2 volumes of chloroform. Lipids were then separated on microcolumns of diethylaminoethyl cellulose acetate (DEAE-acetate) and thin layer chromatography (TLC).
Lipids were extracted from aspirates as follows: each aspirate was emulsified (Vortex spinner) in 1 ml 0.9% saline, 1 ml absolute methanol added with mixing, and 1 ml chloroform. Lipids were drawn off in the lower chloroform layer and were concentrated under nitrogen.
Nonacidic phospholipids (sphingomyelin, lecithin, phosphatidyl ethanolamine (PE), phosphatidyl methylethanolamine (PME), and phosphatidyl dimethylethanolamine (PDME)) were separated from the total lipid extract on microcolumns of N, JV-diethylaminoethyl cellulose acetate [16, 36] . Individual phospholipids were isolated by preparative TLC on silica gel H [16] (A.G. Merck, Darmstadt, Germany). Phospholipids from extracts too small for columns were isolated directly by TLC on silica gel H.
Phospholipids were quantified by densitometry [16] or estimated from phosphorus content [7] . Lecithins were separated into acetone-soluble (non-surface active) and acetone-precipitated (surface-active) fractions [19, 20] . (As noted previously [19, 20] , concentration of the surface-active fraction with acetone is artificial but is the best way to measure changes in this physiologically active fraction. When small amounts are present in total lecithin, this may be the only way to detect any surface-active material. Surface activity is a unique property of saline extract of minced mammalian lung (and certain purified phospholipids) measured by surface compression and expansion in a modified Wilhelmy balance. When active, surface tensions range from below 10 dyn/cm on compression to above 30 dyn/cm on expansion. The smallest amount of pure synthetic dipalmitoyl lecithin necessary (on 60-cm 2 surface) to demonstrate activity was 20 /xg [15] ; purified acetone-precipitated lecithin from lung demonstrated identical surface activity with 20-25 /ig [19] .)
Phospholipid fatty acid esters were analized after splitting /3-carbon esters with phospholipase A (Naja naja venom) [18] , and «-and /3-carbon fatty acids of lecithin and PDME were methylated separately. Gasliquid chromatography (GLC) conditions for fatty acids were as described previously [18] , using glass columns of 15% diethylene glycol succinate on acidwashed silanized Chromosorb W. Isothermal column temperature was 180°, injector temperature was 290°, flame ionization detector temperature was 210°, and helium carrier gas pressure was 40 psi. 32 11
'PDME: phosphatidyl dimethylethanolamine. 2 Figures represent averages of quadruplicate determinations made after 1-hr incubation. 3 The reaction mixture for CDP-choline (cytidine diphosphate choline) incorporation contained 50 fimoles Tris buffer pH 8.0, 10 fimoles MgCU, 5 jumoles reduced glutathione, 0.25 ml 30% homogenate of lung tissue (in 0.01 M Tris, pH 7.2) and 1 ,umole CDP-(1,2-"C) choline in a final volume of 0.55 ml. 4 The reaction mixture with .S-adenosyl-L-methionine was identical except for adjustment of the reaction mixture to pH 7.4 before incubation and the use of 1 /*mole ( The left lower lobe of one lung from each of two previable fetuses was homogenized in 0.01 M Tris buffer, pH 7.2 [20] , for studies of enzymatic activity. The entire right lung of each fetus, was lavaged with 0.9% saline through the main stem bronchus and the alveolar wash was extracted for analysis as described above.
Lung homogenates were incubated with CDP-(1,2-14 C) choline (specific activity 48,000 cpm/^mole), synthesized according to Kennedy [26] , and with ( 14 CH 3 )-S-adenosyl-L-methionine [37] as described previously [18, 20] .
Reaction mixtures (described in Table I ) were incubated for 1 hr at 37°; reactions were stopped with 3 ml absolute ethanol. Lipids were extracted rapidly as described by Kennedy [20, 27] and were passed through microcolumns of DEAE-acetate [16] ; lecithin was isolated by TLC [16] . Radioactivity was measured in a Packard Tri-carb scintillation spectrometer [20] .
Results
In all studies, a-and /J-carbon fatty acids on phospholipids were quantified separately by GLC. There were great similarities in «-carbon fatty acid composition of all of the lecithins and PDME examined. The a-carbons were distinguished by consistent high percentages of palmitic acid.
The major differences in the lecithins were in the fatty acids esterified on their /?-carbons and, particularly, between their myristic acid (14:0) and palmitic acid (16:0) components. There were no patterns nor consistent nor even clearly interpretable differences among other fatty acids.
Accordingly, to simplify interpretations and visualization of differences in lecithins in the tables to follow, only the myristic and palmitic acid fractions of the carbon are shown with their standard deviations.
Concentrations of Phospholipid in Lung
Concentrations of total phospholipids and lecithin in lungs from newborn infants dying of nonpulmonary causes were compared with those from infants dying of hyaline membrane disease (HMD). Similar to those reported by others [3, 8, 11] , lower concentrations both of total phospholipids and of lecithin were found in HMD lungs than in lungs from control infants (Table  I) . Minimum surface tensions for saline extracts of lung also are shown and indicate loss of surface activity in HMD lungs.
Biosynthesis of Lecithin in Lungs of Previable Fetuses
Lungs were removed at the moment of death from two fetuses of 18-and 20-week gestation (therapeutic [20] .
As shown in Table II , neither fetal lung incorporated more than trace amounts of radioactive methyl groups into lecithin. There was small but definite incorporation of CDP-choline.
Figure \A is a TLC plate of the nonacidic phospholipids isolated from alveolar wash. Absence of the intermediate in the methylation pathway, dimethylated PE (phosphatidyl dimethylethanolamine, PDME) on TLC, both in alveolar wash and in homogenate of residual lung after wash, also is evidence for lack of methyl transferase enzyme activity [18] .
The total amount of acetone-precipitated surface-active lecithin from alveolar wash was very small. As shown in Table III , its principal /3-carbon fatty acid was palmitic acid (see also Fig. 15 ). 
Comparison of Aspirates and Alveolar Wash
Lipid compositions and acyl esters of PDME and lecithin in aspirates were compared with those in alveolar wash. Secretions from trachea and pharynx from three adults and five infants without RDS before death and alveolar wash obtained from the same patients after death were examined. Comparisons were considered "valid" because aspirates were obtained close to the time of death and the patients died acutely thus minimizing agonal effects. Two adults had cerebral vascular accidents and tracheostomies (male: 68 years; female: 56 years) and one had an acute surgical death (female: 38 years) from whom, before death, the anesthesiologist had collected tracheal aspirates as part of a study on the effects of inhalation anesthetics on pulmonary phospholipids.
Phospholipid composition in tracheal aspirates and alveolar lavage essentially were identical for each patient. A decreased proportion of PE was found in some samples of aspirates as compared with PE in alveolar wash (see Fig. W ). These were found in aspirates allowed to sit at room temperature for 1-2 hr, possibly representing continuing methylation of PE. The component fatty acids of lecithin in both aspirates and lavage resembled each other closely. Similar comparisons were true for PDME. Table IV shows representative percentages by GLC of /?-carbon fatty acids of lecithin and PDME isolated from aspirates and alveolar wash from an adult (38-year-old female, Fig. 2A ).
The five infants died of causes other than RDS: three died acutely with intracranial hemorrhage in this first 48 hr (1345 g, 32-week gestation; 980 g, 29-week gestation; and 1580 g, 31-week gestation); of the two' term infants, one was anencephalic and one had multiple malformations. Figure 2JB is the TLC comparison of phospholipids in aspirate and alveolar wash of the 1345-g infant. Proportions of nonacidic phospholipids were very similar. The similarity between fatty acid compositions on surface-active acetone-precipitated lecithin in both aspirates and alveolar lavage and on PDME in both aspirates and alveolar wash is shown in Table IV .
Comparison of Phospholipids in Saliva and Aspirates
Several collections of saliva from both infants and adults were extracted and examined. AH lacked both PDME and surface-active lecithin. Fatty acids of salivary lecithin differed markedly from those of lecithin Biochemical development of surface activity in lung 87 in aspirates, principally in a lesser percentage of saturated fatty acids on the /3-carbon. Newborn infants produce extremely meager saliva in the first several days of life, so that the saliva studied came from 4-6-week-old infants.
Occurrence and Structure of Phosphatidyl Dimethylethanolamine (PDME) Phosphatidyl dimethylethanolamine was found in aspirates as early as 22-24-week gestation and thereafter in tracheal aspirates and alveolar wash of nearly all breathing infants without RDS. Exceptions were infants with unusual diseases such as those with Potter's syndrome and hypoplastic lungs, and in infants severely acidotic or hypothermic after delivery (Fig. 10,  A and B) .
The acyl composition is remarkably constant, particularly the /3-carbon fatty acids of surface-active acetone-precipitated PDME, shown in Table V , predominantly myristic (14:0) acid. Palmitic acid (16:0) was the prinicipal fatty acid on the a-carbon. This characterized the acyl structure of acetone-precipitated human PDME as a -palmitic//3-myristic acid, similar to that from adult rabbit alveolar wash [9] . 
Acetone-soluble and Acetone-precipitated Lipid Fractions in Aspirates
Figures ZA and AA are representative thin layer chromatograms of lipids in aspirates from infants 1 hr of age: one 1030 g, 33-week gestation; the other 2000 g, 37-week gestation). The extracts were separated into acetone-soluble and acetone-precipitated (surface-active [19] ) fractions. In both apparently normal infants, the acetone-precipitated lecithin had a preponderance of myristic acid on the /3-carbon similar to those shown in Table VI .
Greater amounts of neutral lipids (e.g., free fatty acids, cholesterol and esters, and glycerides), principally acetone-soluble, appeared in aspirates from term infants than from premature infants. Phosphatidyl dimethylethanolmine (PDME), almost all acetone-precipitable, comprised a much greater proportion of nonacidic phospholipids (lecithin, sphingomyelin, PDME, PME, PE) in premature infants than in term infants.
Fatty Acid Esters of Lecithin in Aspirates from Infants without RDS
The a-and ^-carbon acyl esters of acetone-precipitated lecithin in aspirates at 1 hr of life from stabilized clinically normal infants of various gestational ages were examined. Compositions of lecithin fatty acids from infants shown in Table VI resemble closely those  of PDME (see Table V ), in a predominance of /3-carbon myristic acid (14:0).
The fatty acid compositions of surface-active lecithin varied both with gestational maturity and with age after birth, principally in increasing percentages with time of /J-carbon palmitic acid. The fatty acid composition of PDME did not change regardless of gestational or postnatal age.
By 12 hr of age or earlier, surface-active lecithin in Biochemical development of surface activity in lung 89 aspirates from almost every normal term infant showed similar percentages of palmitic and myristic acids on the /Rarbon. Some infants were born with similar proportions of the two fatty acids, which did not change over the next 12 hr (Table VI) . Generally, infants of less than 36-37 gestational weeks exhibited these changes much later, with few exceptions. In normal infants without RDS, between 33-37-week gestation, the proportions of /J-carbon palmitic acid on acetone-precipitated lecithin generally were increased by 24 hr. 
PDME and Lecithin in Aspirates and Alveolar Wash from Infants with RDS
Figures 5 and 6 are representative TLC analyses of aspirates from infants with RDS. With significant RDS, PDME disappeared. With worsening or fulminant RDS (Fig. 6) there also was disappearance of lecithin. This did not reappear and the infant died. Adequate sampling is evidenced by the presence of neutral Iipids on chromatograms. With recovery (Fig.  5) there was return of PDME and increase of lecithins in aspirates.
Representative TLC analyses of the alveolar washes of infants who died of RDS (Fig. 7) showed lack of PDME.
On GLC, palmitic acid was the principal /?-carbon fatty acid of acetone-precipitated lecithin from aspirates and alveolar wash of infants dying of RDS (Table VII) . The lack of ^-carbon myristic acid coincided with absence of PDME. The lecithin «-and ficarbon fatty acids of an infant with fatal RDS followed serially are shown in Table VII.  Table VII 
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Proportions of Acetone-Precipitated Lecithin in Aspirates from Full Term Infants
Survival of the prematurely delivered rabbit fetus was found to depend upon his ability to synthesize surface-active alveolar lecithin after breathing began [18] [19] [20] . Acetone-precipitated lecithin in alveolar war* 1 of term rabbit fetuses rose from 11% of total lecithirj before breathing to about 50% after 1 hr of breathing [19, 20] , whereas surviving prematurely delivered ones (at 29 days) achieved similar proportions much more slowly. Previable fetuses were those delivered by cesar ean section which could not increase lecithin synthesis and did not survive.
Similar information on rates of appearance of surface-active lecithin in the human infant was sought in aspirates to get an estimation of its rate of synthesis during normal and abnormal respiratory adjustment of the newborn.
Aspirates from 40 term (3SM:2-week gestation) in fants were measured for proportions of acetone-precip itable lecithin at varying intervals from birth, including 16 sampled at delivery during the first few breaths Additional samples from these and the remaining 2A infants were obtained hourly for at least 6 hr. Aspi rates from six infants were collected until the firsi feeding at 12 hr.
The limits of percentage of acetone-precipitated led thin during the first 6 hr of life are shown in Figure 8 , No significant change from a mean of about 50% was seen after the 1st hr, although initial percentages from aspirates at birth were significantly higher (about 30%) than those in alveolar wash of rabbits.
Proportions of Acetone-precipitated Lecithin in Aspirates from Premature Infants
Surface-active lecithin formed a variable proportion of total lecithin in aspirates from prematurely born infants. No distinct pattern was established from the onset of breathing, unlike the uniformity in the term infant. Representative percentages of acetone-precipitated lecithin in aspirates from eight premature infants with RDS are shown in Figure 8 . Percentages of acetone-precipitated lecithin in aspirates from premature infants, free of RDS regardless of gestational age, were more than in term infants, often above 90% of the lecithin.
Infants with RDS had lower percentages of acetoneprecipitated lecithin than normal term infants. With recovery from RDS, however, percentages increased to within limits for normal term infants. In Figure 8 , twin B (1400 g, 35-week gestation) developed severe RDS from birth and at 1 hr (A) arterial pH was 7.09, P C02 70. After intravenous Tris (THAM), pH rose to 7.20, P c02 dropped to 51, and acetone-precipitated lecithin in aspirates increased promptly. There was clinical recovery by 8 hr.
In the infant of 1030 g, 31-week gestation, acetoneprecipitated lecithin increased steadily despite RDS from delivery. Initial arterial pH was 7.22 and P C02 was 40. The pH corrected spontaneously (only glucose was given intravenously), with recovery clinically by 5 hr.
Changes in lecithin in two representative infants with fulminant RDS are shown. There was rapid total disappearance of surface-active lecithin in their aspirates. That this was not due to poor yield of samples was shown by recovery of some nonsurface-active lecithin until shortly before death and the presence of usual amounts of neutral lipids found in aspirates (compare also Figs. 5 and 6).
Of particular significance, nearly all infants developing RDS had either intrauterine acidosis at birth (usually with a low Apgar score) or hypothermia (e.g., twin A in Figure 8 ), arriving in the nursery at less than 35°. The two "normal" premature infants in Figure 12 (1100 g, 32-week gestation; 1650 g, 34-week gestation) did not develop RDS. They were not cooled, leaving delivery with identical rectal temperatures of 36°. Figure 9 shows GLC tracings of /3-carbon fatty acids of lecithin during RDS and recovery.
Quantification of concentrations of lecithin in single aspirates technically was difficult owing to problems in achieving constant volume of aspirates. The range of variation of concentration from patient to patient per aspirate was too great for statistical significance. However, in the individual patient, concentrations varied according to clinical condition, acetone-precipitated lecithin increasing significantly when RDS improved clinically. Figure 1 (L4 and Table VIII show typical findings with hypoxia acidosis in a term infant (2970 g, 39-week gestation). He was delivered by emergency section for abruptio placentae, and was limp and apneic at birth (Apgar scores of 1 and 3). He was intubated and resuscitated. Arterial pH at 20 min (labeled Adm) was 6.80. Tris buffer was given intravenously. At 1 hr of age, arterial pH was 7.10 and by 1.5 hr it was 7.25. At 2 hr of age the infant was improved, pH was 7.32, and he recovered completely. At no time did he have clinical respiratory distress.
Effects of Acidosis (Depression) on Lecithin in the Full Term Infant
Aspirates on admission and 1 hr of age contained no PDME (see Fig. 10.4) . However, large amounts of leci- 1 Patterns in 10 infants with acidosis at birth and subsequent improvement, and in 10 infants with severe hypothermia and subsequent improvement were identical to those of the 2 cases presented. Because there were differences in timing of samples, means and standard deviations are not shown. 2 Full term, 2970 g, 39-wk gestation, emergency section; Apgars 1 and 3; arterial pH 6.80 at 20 min, corrected by 2 hr. 3 Full term, 3400 g, 40-wk gestation; rectal temperature 34° at 2 hr, 37° by 4 hr. thin were present. The /J-carbon fatty acids on acetone-precipitated lecithin at admission primarily were palmitic, as they also were at 1 hr. The aspirates on recovery contained significant amounts of PDME and the principal /?-carbon fatty acid on surface-active lecithin at recovery was myristic acid.
Effect of Hypothermia on Lecithin in the Full Term Infant
Aspirates were obtained from 12 term infants who were significantly cold after delivery, with rectal temperatures below 35° at 2 hr of life. None manifested signs or symptoms of RDS. In their aspirates, PDME either was lacking or was greatly decreased. The fatty acids on acetone-precipitated lecithin showed decreased percentage of myristic acid and increased palmitic acid. Warming infants (rectal temperatures above 35.5-36.0°) was accompanied in aspirates both by return of PDME and increased ^-carbon myristic acid in the acetone-precipitated lecithin. An example is shown in Figure 105 and Table VIII of an infant of 3400 g, 40-week gestation, whose rectal temperature was 34.2° at 2 hr of age.
Comparison of Surface Activities of /3-Palmitic versus fi-Myristic Lecithin
Fifty micrograms each of acetone-precipitated lecithin, isolated from RDS lung and from lung of a prematurely born infant (18 hr of age) who died with hypoplastic left heart syndrome, were compared on a modified Wilhelmy balance (60 cm 2 ). This was cycled for 24 hr at room temperature and tensions were recorded.
The lecithin from RDS lung predominantly had apalmiticIfj-palmitic acid esters, that for non-RDS lung had a-palmiticIp-myristic. The lowest surface tension recorded by a -palmitic//}-palmitic lecithin was 0 dyn/ cm. The hysteresis loop was full and stable for about 24 hr. The lowest surface tension by a-palmitic//?-myristic lecithin was 4 dyn/cm. The hysteresis loop was less full and, after 6 hr of cycling, became unstable. Even after 2 hr of cycling there were deviations from base line.
Discussion
Physiologic Aspects of Alveolar Stability
During the first breath of life Karlberg et al. [25] found that high negative intrathoracic pressures preceded expansion of lung with air. On expiration, the lung of the normal term infant retains residual air, up to 40% of total lung volume [21] , so that, with subsequent breaths, inspiratory pressures are much lower than with the first. The retention of expiratory residual air is the functional measure of alveolar stability [2] Lungs excised from premature infants with and without RDS and from stillborn infants may have normal, less than normal, or inadequate alveolar stability [22, [24] [25] [26] [27] [28] . This variability suggests that some premature infants born with relatively adequate surfactant cannot synthesize it at sufficient rates after birth, or, at birth, have diminished or, rarely, no surfactant. In any event, with RDS, the infant's lungs cannot hold residual air, collapsing with expiration. He then must again develop a high inflating pressure, in effect breathing his first breath over and over.
In normal lung, a lecithin-laden lining layer lowers surface tension as the alveolus shrinks with expiration [12] [13] [14] 32] . Absence of this surface-active layer results in negative pressures greater than the normal intrapleural negative pressure [32] , whereupon the lung may collapse and fluid may be drawn from the blood vessels, against the osmotic effect of the plasma proteins, and fill the alveoli.
Lung Secretions
For a variable period after birth, newborn infants are productive of secretions (mucus), often copious, in their posterior oropharynges. These originate in the lung, are brought up into the posterior pharynx, and are swallowed, a process beginning in fetal life [1, 17] . Tracheal aspirates from dying adults and infants were compared with the alveolar wash from their lungs after death. The phospholipid composition and the fatty acid esters of PDME and lecithin in aspirates essentially were identical to those in alveolar wash. The secretions thus reflect the synthesis of lecithin recoverable by endobronchial lavage [20] from the alveolar spaces. They have enabled serial studies to be done ethically and safely on living infants, providing much information about the biosynthesis and metabolism of the surface-active phospholipids in the human alveolar layer.
Lecithin Storage
In fetal rabbit lung, storage of surface-active acetone-precipitated lecithin begins in lung parenchyma long before it appears, late in gestation (day 29 of a Biochemical development of surface activity in lung 95 31-day gestation), in the alveolar wash [18] [19] [20] . The present studies could not document similar storage in human lung. Human fetuses of 18-and 20-week gestation yielded very small amounts of surface-active lecithin, both in tracheal lavage and in residual lung parenchyma after wash. This is consistent with observations by Gruenwald [22] of occasional lung stability in very small fetuses, and with suggestions by Pattle [32] and Reynolds et al. [33] that surface-active alveolar lining appears in human fetuses of about 21-24 weeks gestation.
Biosynthetic Pathways
In vivo and in vitro studies [18] [19] [20] of the developing rabbit fetus revealed two pathways for de novo biosynthesis of lecithin in lung. Both were documented also in lungs of infants:
.S-adenosyl-L-methionine -> CH 3 -fphosphatidylethanolamine (PE) -> phosphatidyl methylethanolamine (PME) + CH 3 -• phosphatidyl dimethylethanolamine (PDME) + CH 3 -> lecithin (methylation reaction) (2) It is possible to estimate each pathway's contribution to the synthesis of surface-active alveolar lecithin by the esterified fatty acids on the /J-carbon [17] [18] [19] [20] as shown previously.
Choline Incorporation
Lungs of human fetuses of 18-and 20-week gestation incorporated in vitro almost no (about 2%) radioactive methyl groups into lecithin. There was small but definite in vitro incorporation of CDP-(1, 2-14 C)-choline into lecithin. The fatty acids esterified on the acetone-precipitated lecithin from these early lungs were predominantly a -palmitic/y8-palmitic. No PDME was found. This verified finding in the rabbit fetus delivered at 29 days, whose surface-active alveolar wash lecithin at 1 hr o£ life was labeled 100% by radioactive precursors [18] [19] [20] and 90% by choline incorporation, was principally a -palmitic//3-palmitic, and there was no PDME.
Methylation Reaction
The methylation pathway, virtually noncontributory to alveolar lecithin in the breathing rabbit newborn, is of paramount importance to survival of the prematurely born human, becoming active at least by the 22nd-24th week of gestation.
The rate-limiting step in this pathway is introduction of the first methyl group on PE [20] , after which the reaction rapidly goes to completion. The fatty acid esters associated with the methylation pathway may thus be characterized by examining those fatty acids esterified on an intermediate. Because it is relatively abundant, differs from lecithin by only one methyl group, and is surface-active [19, 29] , PDME was the intermediate chosen. At birth, aspirates from all normal newborns including prematures contain PDME. The fatty acid esters of surface-active PDME principally are a-palmitic / p-myristic acid. The almost identical acyl esters of lecithin and PDME in the prematurely born infant indicate that this alveolar lecithin is synthesized largely by methylation of PE.
Assessment of Biosynthesis Pathways
Presence of PDME and predominantly a-palmitic / ftmyristic acid lecithin indicates synthesis largely through methylation of PE; absence of PDME and lecithin, primarily a-palmitic//3-palmitic, signifies synthesis largely by CDP-choline incorporation. Presence of PDME and lecithin with a-palmitic/p-palmitic and myristic acids is a normal change occurring in full term infants in the first few hours after birth and is present in adults, indicating that both pathways are active. The change to both fatty acids on surface-active lecithin may take the premature infant from 12 to 144 hr postbirth.
Differences in Lecithin
The marginal extrauterine pulmonary adaptation of premature infants, until adequate synthesis of lecithin by CDP-choline incorporation, stems both from less production of lecithin (primarily by methylation in the premature's lung) and differences in the lecithins themselves, in that a-palmitic//3-palmitic acid lecithin produced by the CDP-choline pathway is more stable on the modified Wilhelmy balance than is the a-palmitic I/3-myristic acid lecithin from the methylation pathway.
Initiation of RDS,
Acetone-precipitated lecithin and PDME in aspirates may decrease or disappear in infants developing RDS, accompanied by a change in fatty acids of lecithin, principally to a-palmitic/^-palmitic. These changes almost always are initiated by hypoxia and acidosis or hypothermia, or both.
Hypothermia
The most interesting stress associated with RDS is hypothermia from birth. Possibly cold evokes a catecholamine response [10] , with constriction of pulmonary vessels and decreased pulmonary blood flow. Possibly catecholamines may compete for methyl groups from methionine, thereby selectively inhibiting methylation of PE. Possibly the acidosis following hypothermia triggers the effects.
There was no critical temperature associated with RDS. Few infants developed symptoms with rectal temperatures above 35° on admission, whereas premature infants with admission temperatures below 34.5°d eveloped the most severe RDS. Statistically, such hypothermia for the premature prolonged beyond 2 hr was associated with an especially high mortality.
Aspirates from both full term and prematurely born infants with hypothermia showed decreased lecithin, decreased or absent PDME, and changes in acyl esters of lecithin to a-palmiticjfi-palmitic.
Acidosis
Low pH inhibits methylation. Methyl incorporation in vitro by rabbit lung homogenate [20] is nearly completely inhibited below pH 7.2. It also seems to be confirmed clinically in the human during the course of RDS. Coinciding with low arterial pH, PDME disappears from aspirates as the infant's condition deteriorates. An increase in pH toward correction with, e.g., vigorous ventilatory support (or Avith buffers) is followed by return of PDME.
Changes during RDS
When RDS improves, PDME reappears, lecithin increases, and proportions of /3-carbon myristic acid increase in acetone-precipitated lecithin in aspirates. In infants dying of RDS, there is no return of PDME, lecithin remains scant, and its fatty acid esters are «-palmitic//?-palmitic lecithin. With this inhibition of methylation, choline incorporation becomes the only pathway by which the infants' lung may synthesize lecithin. When the infants' lungs are too immature (usually less than 36 weeks), choline incorporation may be too ineffectually developed. Progressive alveolar collapse may initate the atelectasis, anoxia, and acidosis so often progressing to death.
Changes with Hypothermia and Acidosis in Full Term
Infants Hypothermia and hypoxia acidosis affected methylation and produced chemical changes in stressed full term infants similar to those changes in premature infants with RDS. The PDME disappeared and fatty acids on acetone-precipitated lecithin became primarily a-palmitic//3-palmitic. However, those infants did not develop RDS. Mature newborn infants synthesize surface-active lecithin by both pathways. The choline incorporation pathway seems resistant and able to produce surface-active lecithin in relative abundance, even in the stressed term infant, when there is no evidence of lecithin production by methylation.
Lecithin from the Fetal Lung in Amniotic Fluid
The preceding observations have been extended by examining phospholipids in amniotic fluid [17] . Although sources other than lung also contribute amniotic fluid phospholipids, lecithin, the major fraction, appears to originate largely from lung. Acyl esters of acetone-precipitated lecithin, isolated from amniotic fluids during gestation, reflected findings almost identical to those described here. Comparison of surface-active lecithin from amniotic fluid showed close resemblance to that from tracheal aspirates.
There was evidence of intrauterine methylation (apalmitic//?-myristic acid lecithin) early in gestation, and, about week 35 of gestation, evidence of synthesis of lecithin also by the CDP-choline incorporation (increasing /^-palmitic acid).
Intrauterine lung maturation is clearly defined by an abrupt rise in the ratio of amniotic fluid lecithin/ sphingomyelin. With gestation, lecithin concentration increases. Until week 34 the lecithin/sphingomyelin ratios hover around 1; i.e., about equal concentrations of the two phospholipids. About weeks [35] [36] , lecithin/sphingomyelin rises sharply after a "surge" of lecithin, when pulmonary maturity is achieved, and, should birth occur, there will be no RDS.
Evolutionary Aspects
Comparisons with other species show that presently there is no known suitable animal model for the study of RDS, including the commonly studied sheep and rabbit. Neither sheep nor rabbits can be prematures in the same sense that humans and other primates are. Rabbits and sheep develop pulmonary competence late in fetal life coincident with appearance of sufficient surfactant to maintain alveolar stability and to support life. Rabbit survival is dependent upon surface-active lecithin synthesis by CDP-choline pathway, which becomes significantly active at day 28-29 of a 31-day gestation (90-93% of gestation). Sheep survive around day 127-130 of a 150-day gestation (about 87% of gestation). In mice, day 18 of a 19-day gestation is the time of appearance of surface activity and of survival [9] (94% of gestation). In the human, survivors after 24-28-week gestation are not rare (60-70% of gestation). This is when the fetus makes alveolar lecithin chiefly by methylation. The "surge" of lecithin in human fetal lung marks maturation of CDP-choline incorporation at about week 36. Similar to other Mammalia, this occurs at 90% of gestation.
Summary
The following two figures sum up the findings presented and put them into perspective. Figure 11 diagrams the developmental sequences and influences associated with normal and abnormal lecithin production. Figure 12 is a diagram of the interrelationships of atelectasis in RDS and HMD. Caused by inability to maintain residual air in his alveoli, the end of expiration with each breath is marked by alveolar collapse. The resultant high intrathoracic pressures become part of a vicious cycle of events which include exudation of plasma into alveolar spaces, hypoxia, acidosis, decreased pulmonary blood flow, endothelial damage and extravasation, epithelial necrosis, clotting [4, 5] , and obliteration of alveoli with some dilatation of terminal bronchiolar and alveolar duct areas.
Thus the respiratory distress syndrome is not a "disease," but a consequence of development. It should be called not idiopathic RDS, but more appropriately developmental RDS.
